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The ability of the kidney to serve as the primary
excretory organ for solute and water is its main func-
tion, During hydropenia the kidney is able to con-
serve the bulk of the water that is presented to it,
while in clinical states characterized by water excess,
the kidney is capable of excreting large amounts of
dilute urine. This regulatory capacity for water excre-
tion is the consequence of the countercurrent multi-
plication system. Most epithelia are indiscriminately
permeant to water; however, the countercurrent mul-
tiplication system, composed of several nephron seg-
ments and capillary endothelia, is unique in that each
of its major components possesses a different and
well-defined set of characteristics for water per-
meation. During the past decade considerable prog-
ress has been made toward advancing our under-
standing of those specific properties of the individual
segments of the nephron which dictate their water
permeability characteristics. The primary purpose of
the present paper is to discuss the various mecha-
nisms for water permeation which are operative in
those nephron segments which participate in the
overall operation of the countercurrent multi-
plication system.
Molecular pathways of water permeation
In the absence of coupling of water movement to
either active or passive transport of solute, the two
primary mechanisms for transepithelial movement
of water that have been classically accepted are filtra-
tion and diffusion. The magnitude of water move-
ment via these two mechanisms can be described by
the filtration coefficient (Pr) and the diffusional
coefficient (P) of water. The P1. in turn, is composed
of an osmotic and a hydrostatic component:
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i filtration = L(osmotic) sir;
+ L0(hydrostatic)P (I)
where i, filtration is the volume flux; L (osmotic) is
the osmotic water permeability coefficient; ir is the
effective osmotic pressure gradient and =
where a1 is the reflection coefficient of various sub-
stances i, and C1 is the concentration gradient of
those substances (a completely impermeant substance
has a 01 = I, and therefore, ir1 = RTC1, whereas a
partially permeant substance has a 01 < 1 and there-
fore 7r1 = a,RTC1); L (hydrostatic) is the hydro-
static water permeability coefficient; and zP is the
hydrostatic pressure gradient. Though many workers
have assumed that L (osmotic) is equal to L (hydro-
static) with a conversion equivalent of I mOsm/liter
equal to 19 mm Hg, there is no a priori reason that
these two terms are necessarily equivalent across
complex biological membranes. For example, con-
sider a heteroporous membrane containing small and
large pores. The osmotic forces would exert their
complete effect across the small pores with o = I,
whereas there would be no osmotic force exerted
across the larger pores (Fig. 1). On the other hand,
the hydrostatic force would be exerted across both
large and small pores; however, it would be quan-
titatively more important across the large pores since
the magnitude of the hydrostatic filtration is propor-
tional to the fourth power of the radius (r) of the pore
according to the Poiseuille equation:
z Pr4t
where I is the length of the pore, j is the viscosity of
the fluid and t is the time of the experiment. Thus,
where a substance cannot exert its full osmotic
gradient because of pore size, i.e. where 01 = <I, a
given hydrostatic pressure will drive greater amounts
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of water across a membrane than a substance with an
equivalent osmotic gradient as determined by freez-
ing point depression.
It is also important to recognize that L (osmotic) is
not a single term, but may, in turn, be subdivided into
L (noncolloid osmotic) and L (colloid osmotic).
The difference between these two terms can be classi-
cally illustrated in the proximal convoluted tubule
where the noncolloidal L across the rabbit proximal
convoluted tubule [1, 2] has been found to be equal to
approximately 0.03 to 0.05 nI mm' min' mOsm';
yet a 2 mOsm/liter gradient of protein (roughly 7
g/l00 ml) influences net transport an order of magni-
tude greater than would be predicted from the L
(noncolloidal osmotic) [3—5]. The difference between
L (noncolloidal osmotic) and L (colloidal os-
motic) is due, most likely, to the fact that colloidal
osmotic forces probably affect the anatomical rela-
tionships of the epithelium differently than do
equivalent noncolloid osmotic forces. A hyperoncotic
peritubular environment widens the lateral and bas-
ilar intercellular spaces of an isolated perfused prox-
imal convoluted tubule, and autoradiographic stud-
ies have demonstrated the presence of protein in the
dilated intercellular spaces [61. It was thus argued
that the oncotic effect of protein in the intercellular
space was, in part, responsible for widening the
spaces and, therefore, changing the morphology of
the proximal tubule epithelium. No such morpho-
metric studies have been conducted with noncolloidal
osmotic forces, but since the osmotic effects are
nearly symmetrical [I] while the protein effects are
not [5—9], it is reasonable to argue that colloidal and
noncolloidal gradients have different morphologic ef-
fects on the proximal tubule epithelium. Thus, when
comparing induced water fluxes in response to colloid
and noncolloid osmotic force, the design of the ex-
periment necessarily constrains one to examine the
characteristics of water transport in morphologically
different membranes even though the membranes
during control conditions are, in fact, the same. It,
therefore, is not surprising that the L (noncolloid
osmotic) is not equivalent to L(colloid osmotic). At
present it is not clear how the magnitude of these two
subphenomenological coefficients are related to one
another, but it would not be surprising if changes in
the epithelium induced by changes in colloid osmotic
forces would, in fact, affect the L (noncolloid os-
motic).
The second primary mode of transepithelial water
movement is diffusion. The magnitude of the diffu-
sional water permeation as determined by isotopic
means is directly proportional to the area (r2) of the
membrane in question. Therefore, a doubling of the
membrane area would double the magnitude of diffu-
sional water permeation. A number of studies have
attempted to equate P and P1 but, again, there is no
reason that the two should necessarily be equal. A
number of examples could be cited. First, the P1 may
be greater than P. This could happen, for example,
if large unstirred layers were to exist at either the
luminal or antiluminal side of the epithelium. Un-
stirred layers do not influence P1, but would act as a
diffusion barrier (in series to the epithelium) for P. In
Fig. 1. Schematics of a heteroporous membrane to illustrate that
there may exist pathways of water permeation which are only respon-
sive to hydrostatic forces (large pores with reflection coefficient for
all solutes = 0) and pores which are responsive to both hydrostatic
and osmotic forces (small pores with reflection coefficient of solutes
= I).
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most epithelia there has been a large discrepancy
between P and P with P1 being much greater than
P. Part of the explanation for a disproportionately
greater P1 may be the presence of a dis-
proportionately smaller P,,, since in some systems
these two values have approached each other where
vigorous stirring has been undertaken to decrease the
thickness of the unstirred layers. The presence of an
unstirred layer may not completely explain all of the
high P1/P ratios that have been observed and, there-
fore, other mechanisms must be postulated. Second,
there are several mechanisms whereby P may be
greater than P1. In the absence of significant hydro-
static pressure gradients, a condition which is ap-
proximated across most segments of the nephron, it is
quite possible that diffusion of water takes place
across large pores where no osmotic flow of water can
take place. Also, in the complete absence of pores, a
condition where P1 would be zero, diffusion of water
could still take place by the kink hypothesis [10], a
process in which small pockets of water move en mass
across the membrane by virtue of small deformations
in membrane structure proteins which are trans-
ported across the membrane, but at no time form
complete transepithelial channels. This postulated
mechanism has been shown to be a kinetically rapid
process across epithelia [10].
Methods to measure water movement
Phenomenological coefficients. There are a number
of different techniques whereby net as well as trace
movement of water can be measured across various
epithelia. However, in the context of the present dis-
cussion, the major technique by which P and P
values can be estimated is by the method of micro-
perfusion of isolated segments of renal tubule. Since
the segments of the nephron that are involved in the
countercurrent multiplication system are not all ac-
cessible to in vivo micropuncture techniques, the in
vitro microperfusion technique must be utilized to
measure P1 and P. The schematics of this method
are depicted in Fig. 2. The other major advantage of
the in vitro microperfusion technique is that the com-
position of the luminal and peritubular (bath) fluid
can be precisely controlled. The measurement of P,
and P requires different experimental conditions, but
each of these conditions can be easily approximated
using this technique.
I. Diffusional water permeability coefficient (Pm).
P., is a measure of the velocity at which a water mole-
cule diffuses passively across a given epithelium. It is
measured most accurately under the conditions of
zero net water flow. In isolated tubules, P.,, can be
estimated from the disappearance rate of 3H20 added
Fig. 2. Schematics of isolated nephron perfusion technique. Re-
printed [31] with permission from the Journal of Clinical In-
vestigation.
to the perfusate. The perfusion rate must be rapid
enough to insure that complete exchange of 3H20
does not occur, yet slow enough that an adequate
number of counts disappear from the perfusate so
that an accurate estimate of the permeability
coefficient can be made. In addition to the perfusion
rate, the contact time of the perfusate with the tubule
is important and may be varied by using differing
lengths of tubule. A long segment of tubule would
increase the time that the isotope has to permeate the
tubular epithelium, whereas a short segment of tu-
bule would decrease the time that the isotope has to
permeate the tubular epithelium. It is ideal to use the
longest segment possible so that errors encountered
in the estimation of the length of the tubule are
minimized. When all these procedures are followed,
the P..., may be calculated according to the following
equation [11]:
—
V [3H2OJ1P,.
—-
In [3H2O]0,
where V1 is the perfusion rate, A is the area of tubule,
3H2OI is the counts per nanoliter of tritiated water in
the perfusate and 3H2OOU is the counts per nanoliter
of tritiated water in the collected fluid. The units of P.,
will be cm sec'.
The P.., may also be measured from the influx rate
of the labeled water when 3H20 is added to the bath.
The same general principles are applicable as when
measuring P..., from the disappearance rate of the
label from the perfusate; however, now P,,, is calcu-
lated according to the following equation [3]:
V,,[ H20],,
A([3H20]1, — [3H20].,)
where V0 is the collected rate of fluid; [3H20]0 is the
concentration of 3H20 in collected fluid; [3H2O]b is
the concentration of 3H20 in the bath; ([3H20J1. —
[3H20]0) is the logarithmic mean concentration
gradient of the bath and collected fluid 3H20 concen-
tration; and A is the area of the tubule.
2. Filtration coefficient (P,). The P1 of water across
To perfusion
pump
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a nephron segment involved in the countercurrent
multiplication system is a much more important
coefficient, physiologically, than is the diffusional
permeability coefficient for water. The reason for this
is that osmotic gradients exist across the various
nephron segments which provide large driving forces
for the net movement of water. The component of P
representing the osmotic permeability coefficient may
be calculated according to the following equation:
z
L (noncolloid osmotic) = (2)
where z J, is net water movement induced by zir, the
logarithmic mean of the osmotic pressure difference
between the bath and collected fluid. Operationally, a
control i., is first obtained using perfusate which is an
isosmolal ultrafiltrate of the same fluid as used for the
bath. An osmotic gradient is then induced by addi-
tion of a relatively impermeant substance to the bath.
Net water movement and osmolality of the collected
fluid are then measured. Care must be exercised to
prevent osmotic equilibration in these experiments.
This may be accomplished by using short segments of
nephrons and rapid perfusion rates.
Technically it is difficult to measure L (hydro-
static) since with increasing luminal pressures, the
tubules tend to come loose from the perfusion pipet.
The hydrostatic pressure gradients which exist across
the segments of the nephron in the medulla are small
but, nevertheless, they cannot be discounted until
techniques are developed by which to measure net
water flow in response to measured increases in hy-
drostatic pressure gradients.
Morphological techniques. Several morphological
techniques have been successfully applied to the
study of water transport across biological mem-
branes. Through the use of light and transmission
electron microscopy (TEM) and, more recently,
scanning electron microscopy (SEM) coupled with
ultrastructural tracer techniques and improved meth-
ods of tissue preservation, a number of well-defined
alterations in cell configuration resulting primarily
from the transepithelial movement of water and so-
lutes have been observed. The toad urinary bladder
represents one of the first epithelia in which such
changes were described in the presence of vasopres-
sin-induced osmotic water flow [12—15]. The major
changes that were noted included cell swelling, re-
flecting an increase in cell volume due to entry of
water into the cell, and dilatation of the lateral and
basilar intercellular spaces (Fig. 3, a and b). Previous
studies have demonstrated that these alterations in
cell configuration correlate well with the increase in
water movement that has been measured just prior to
tissue fixation in these preparations [12—14]. The
morphological data also provide at least indirect evi-
dence that the lateral and basilar intercellular spaces
represent a partial pathway for ion and water move-
ment. In later studies performed in the toad urinary
bladder [16], ultrastructural tracer techniques em-
ploying horseradish peroxidase (HRP) provided
more direct evidence that the dilated intercellular
spaces were the result, at least in part, of increased
water flow. HRP, which filled the intercellular spaces
in the absence of an osmotic gradient, was quickly
washed free of the dilated spaces in the presence of
vasopressin and a favorable osmotic gradient. While
such techniques provide largely qualitative informa-
tion, they can and have been used to investigate
certain physiological questions concerning pathways
of water and solute movement across various trans-
porting epithelia. For instance, Woodhall and Tisher
[17], utilizing the morphological changes known to
be associated with transepithelial water flow, were
able to demonstrate that initial collecting tubules and
cortical collecting ducts, but not distal convoluted
tubules, were responsive to vasopressin in the rat,
contrary to the interpretation of data obtained in
several earlier micropuncture studies [18—21,]. The
results have been confirmed recently in isolated seg-
ments of distal convoluted tubules and cortical col-
lecting ducts in the rabbit [22].
Ultrastructural tracer techniques employing lan-
thanum have also been utilized to examine pathways
of solute and water movement across many trans-
porting epithelia. A generally excellent correlation
has been found between electrophysiological evi-
dence and ultrastructural tracer data in support of
the presence of paracellular shunt pathways for so-
lute and water movement. For instance, in the mam-
malian proximal convoluted tubule, where phys-
iological as well as electrophysiological data provide
evidence of a functional paracellular shunt pathway,
both colloidal lanthanum and ionic lanthanum have
been found to easily penetrate the region of the tight
junction or zonula occludens (Fig. 4) [23, 24]. On the
other hand, in epithelia with high values for trans-
epithelial electrical resistance indicative of the prob-
able absence of a functional paracellular shunt path-
way, the tight junction resists lanthanum penetration
(Fig. 5). Interestingly, introduction of a gradient
across a high resistance membrane such as toad
urinary bladder through the addition of urea to the
mucosal bathing solution causes the tight junction to
become nonoccluding in character [25]. In this situa-
tion, the transepithelial electrical resistance falls and
electron-dense tracers are capable of penetrating the
previously occluding type of tight junction. Thus, via
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Fig. 3. a, Electron micrograph of toad urinary bladder bathed in hypotonic Ringer's solution (112 to 1/8 m Osm/kg H20) on the mucosal surface
and isotonic Ringer's solution (225 to 235 mOsm/kg H20) on the serosal surface in the absence of vasopressin. Typical ultrastructure of
granulated epithelial cells is depicted. M, mucosal surface; S. serosal surface; arrow, intercellular space. Magnification, X3000. Reprinted [14]
with permission from the AmericanJournal of Pathology. b, Electron micrograph of toad bladder bathed in the same solutions as those bathing
tissue depicted in Fig. 3a, but fixed after addition of vasopressin (100 mU/mI). Cell swelling and dilatation of intercellular spaces (IS) is now
quite evident. Magnification, x3000. Reprinted [14] with permission from the American Journal of Pathology.
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Fig. 4. Electron micrograph of an oblique section through the apical region of epithelium in a proximal convoluted tubule from a normal rat,
Individual microvilli (Mv) in oblique and cross-section on the left are surrounded by lanthanum. The electron-dense tracer has penetrated the
entire zonula oceludens (ZO) from the luminal surface to the region of the zonula adherens (ZA). LIS, lateral intercellular space.
Magnification, X90,000. Reprinted from [221.
the use of light microscopy, TEM and SEM coupled
with ultrastructural tracer techniques and improved
methods of tissue preservation, it has been possible to
provide qualitative information regarding both extra-
cellular and transcellular solute and fluid movement
in a variety of transporting epithelia.
Characteristics of water transport across various nephron
segments
Descending limb of Henle (DLH). 1. Water per-
meability characteristics. There are no published in
viva micropuncture studies containing data which
provide a quantitative evaluation of the water per-
meability coefficient of the DLH. However, many
previous in viva micropuncture studies have found a
much higher tubular fluid to plasma (TF/P) inulin
concentration at the bend of Henle's loop than can
be reasonably expected to exist at the end of the
proximal tubule [19, 26—29]. These indirect results,
therefore, have been interpreted to suggest that the
DLH is quite permeant to the osmotic flow of
water.
Two studies exist in which the characteristics of
water transport across the DLH have been measured
directly. First, Morgan and Berliner [30], using free-
flow micropuncture techniques in an in vitro isolated
papillary tissue slice preparation obtained from rat,
estimated an isotopic water permeability of the DLH
of 119 X 10 cm sec'. Administration of antidiu-
retic hormone (ADH) did not change this value. This
P is a high value when compared to other segments
examined in a similar manner. Morgan and Berliner
[30] also measured the L (noncolloid osmotic) by
perfusing the thin DLH with a 500 mOsm/kg H20
solution while maintaining a 200 mOsm/kg H20
gradient favoring the bath by the addition of manni-
tol, sodium chloride or urea. From the induced net
water movement per unit of difference in osmolality,
it is possible to calculate an L0 equal to 3.75 X l0 nl
cm-2 sec-1 atm-'. Second, Kokko [31], using the in
vitro isolated perfused tubule technique and osmotic
gradients of 100 mOsm/kg H20, estimated that the
L of rabbit thin DLH was 1.7 X l0 nl cm-2 sec'
atm'.
The units of L may be converted from ml cm-2
sec-1 atm-' to cm sec' according to the following
equation [321:
RTPj = cr1Lp Vw (3)
where P, is expressed in cm see' obtained only from
noncolloidal osmotic gradients; L is in ml cm2 sec'
atm-'; a', is the reflection coefficient of the molecule by
which the osmotic gradient was induced; and Vw is
the partial molar volume of water. Using this ap-
proach, and using the data of Morgan and Berliner
[30], the L calculated from their data of 3.75 X 10
ml cm2 sec' atm' is equivalent to a P1 of 5.1 X
t) )sf
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Fig. 5. Electron micrograph depicting the apical region of the outer medullary segment of a collecting duct from a rat with hypothalamic diabetes
insipidu.c preserved for histological examination during vasopressin-induced antidiuresis. The tight junction or zonula oceludens (arrow) resistspenetration by lanthanum. US, lateral intercellular space. Magnification, X91,200. Reprinted from [54].
10 cm sec'. Their P is approximately 23 times as
great as P. The reasons for this large discrepancy for
P and P are not known. It is doubtful that P is
decreased due to unstirred layers on the luminal side
for reasons which will be covered in greater detail in
the discussion of the collecting duct. However, it is
quite possible that significant unstirred layers did
exist on the blood side of their preparation. Signifi-
cant unstirred layers do not exist on either side of the
in vitro perfused tubule [32], but, unfortunately, the
P has not been determined across the DLH perfused
lfl Vitro,
2. Structural-functional relationships. In the
earliest light microscopic studies of Zimmerman [25]
in which the thin limbs of several laboratory animals
were evaluated, it was noted that cells of the early
descending thin limb were rather complex in configu-
ration and interdigitated freely with one another.
More distally in the loop, the cells became less elabo-
rate, especially near the transition from the thin to the
thick segment of the ascending limb of Henle. Early
ultrastructural studies confirmed the light microscopic
findings of Zimmerman [33—36]. Since all thin limb
cells were of the simple type in the deeper regions of
the inner medulla, it was assumed that the transition
from the more complex to the simple type of epithe-
hum occurred somewhere along the DLH [351. Bul-
ger and Trump [36] identified two types of thin limbs
in the inner medulla of the rat, but could not distin-
guish descending from ascending segments. Similar
findings have been reported in the human kidney
[37]. Schwartz and Venkatachalam [38], using serial
section techniques with TEM, believe they have been
able to define more precisely the structural differ-
ft 
I 
Ii 
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ences between DLH from short-looped and long-
looped nephrons in the outer medulla and to discern
between DLH and thin ascending limbs of Henle
(tALH) in the inner medulla. Two types of thin limbs
were found, type I and type II. Type I thin limbs were
composed of cells with complex lateral inter-
digitations and shallow tight junctions (Fig. 6), while
type II thin limbs were generally less complex in
configuration, but possessed much deeper tight junc-
tions. All short-looped nephrons which possess only
DLH segments were composed of type II epithelium.
The DLH's of long-looped nephrons were of type I
configuration in the outer medulla, but assumed type
II characteristics in the inner medulla. Shortly before
the hairpin turn, deep in the inner medulla, the loop
of Henle again acquired a more simple but typical
type I configuration which persisted throughout the
tALH to the junction with the thick ascending limb
of Henle (TALH). The functional implications of
these apparent differences in morphology between
the descending and ascending limbs of long loops of
Henle, and between descending limbs of short- and
long-looped nephrons, remain unclear at present.
However, since type I epithelium represents the ma-
jor portion of both limbs of long-looped nephrons, it
would appear difficult to ascribe the differences in
water permeation characteristics of the two limbs to
differences in the structure of the tight junctions.
Recent freeze-fracture studies of thin limbs within the
inner medulla also provide evidence for this con-
chision. No difference in the structural configuration
of tight junctions was observed between descending
and ascending thin limbs in rat kidney [39].
3. Physiological significance. It is of great phys-
iological significance that direct measurements have
indicated a high osmotic water permeability across
the DLH. Recently developed models of the counter-
current multiplication system which do not require
active transport processes in the tALH do require,
however, that the fluid flowing through the tALH has
a higher sodium chloride concentration than does the
adjacent papillary interstitium. The mechanism by
which the DLH can generate an osmotic gradient is
schematically shown in Fig. 7. In Fig. 7 it is assumed
that approximately 50% of the papillary solute is urea
while the remaining 50% is NaCI. This assumption is
only a first order approximation, however, since it is
based solely on evidence derived from tissue slice
analysis [40—42]. As the fluid within the tubule
courses from the cortex to the papillary tip, it is
continuously equilibrating with a progressively more
hypertonic environment. Thus, the intraluminal fluid
remains isosmotic to its ambient interstitium, but the
luminal sodium concentration would rise higher than
1
NaCI
0, ..:
•0,
H20
Fig. 7. Schematics to illustrate the generation of NaCI concentration
gradients by the descending limb of Henle. Note that by virtue of
water abstraction the DLH fluid remains isosmotic to the papillary
interstitium; however, the luminal NaCI concentration rises higher
than the interstitial concentration of NaC1 since the total inter-
stitial solute concentration is in large part made up of urea (see
text).
Fig. 6. Electron micrograph of a type! descending thin limb of Henle
from the outer medulla of a rat kidney. Lateral interdigitations are
extensive and the tight junctions (arrows) are very shallow. Magni-
fication, X 12,000.
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that of the interstitium. The generated sodium con-
centration would be a function of the fraction of urea
that makes up the total papillary osmolality, and the
relative permeability of the DLH to salt, urea and
water. Why the in vivo micropuncture studies have
not disclosed a sharper sodium concentration
gradient betwen the DLH and the adjacent vasa
recta than would be predicted on theoretical grounds
remains an unanswered question. Perhaps some spe-
cies variations do exist and a greater fraction of os-
motic equilibration within the DLH occurs by solute
addition than would be predicted from the direct in
vitro microperfusion studies. There exists some in-
direct evidence that this, in fact, may be the case [26,
28].
Thin ascending limb of Hente (tALH). I. Water
permeability characteristics. The tALH, like the
DLH, is relatively inaccessible to micropuncture
techniques which allow a quantitative description of
phenomenological coefficients which regulate water
transport. However, a number of micropuncture pa-
pers have noted that the fluid in the tALH is less
concentrated osmotically than the fluid in the de-
scending limb of Henle or the blood in the adjacent
vasa recta [43—45]. Therefore, it is not surprising that
direct in vitro studies have noted that the per-
meability of the tALl-I to osmotic water flow is very
low [46]. Morgan and Berliner [30] found that a 200
mOsm/kg HO gradient of mannitol across the
tALH in an isolated papillary preparation induced a
net water flux of 4.4 nI cm-2 mOsm' min'. Imai and
Kokko 146] were unable to determine any statistically
significant increase in net transport of water when an
osmotic gradient of 300 mOsm/kg H20 was imposed
across the tALH of the rabbit by addition of raffinose
to the bath. It was concluded that the L is not
statistically different from zero.
The diffusional water permeability across the
tALH was also measured by Morgan and Berliner
[30] and by Imai and Kokko [46] in the presence and
the absence of ADH in the bath. Both sets of in-
vestigators found a P between 40 and 50 X 10-6 cm
sec' without any increase after the addition of ADH
to the bath.
Is there a difference between the magnitude of a
finite, albeit low P, and the apparent L of zero? The
lowest net water flux that can be reasonably deter-
mined by the available microperfusion technique is
0.20 nI. If this much water flux was induced by a
gradient of 300 mOsm/kg H20 in a 1 mm segment of
tALH, then the L would equal 8.7 X l0- ml cm-2
sec' atm-' or 1.1 X l0- cm sec'. Thus, due to the
constraints imposed by the technical difficulties in the
accurate measurement of water flows, the lowest level
at which a reliable estimation of L can be expressed
in units of cm sec-1 is about 1 X l0. It, therefore,
becomes clear that if there were a finite L roughly
equivalent to 40 to 50 X l0 cm sec', this order of
osmotic water permeability could never be measured
using net water fluxes. Thus, we are in a position of
not being able to compare the magnitude of P1 vs. P.
2. Structural-functional relationships. As noted in
the preceding section on "structural-functional rela-
tionships" in the DLH, there appears to be very little
morphological data to support the concept that dif-
ferences in the water permeability characteristics be-
tween the DLH and the tALH are due to differences
in the structural configuration of the tight junction.
The results of recent freeze-fracture studies, however,
have refocused the attention of morphologists on the
plasma membrane as a likely site of water permeation
in the DLH and tALH, for it is in this region where
marked differences in structural configuration have
been noted between descending and ascending thin
limb segments. Humbert et al [39] have reported that
intramembranous particles, believed to represent
proteins, were much more abundant in plasma mem-
branes of descending than ascending thin limbs. The
possible relationship, if any, of this morphological
finding to water permeability of the plasma mem-
brane is unknown at this time but, as pointed out by
these authors, the asymmetry of the morphological
findings clearly parallels the asymmetry of the water
permeation characteristics in the two limbs.
3. Physiological significance. The physiological sig-
nificance of having a tALH which is impermeant to
water both in the presence and in the absence of
ADH is that solute, without water, can be added to
the papillary interstitium by the tALH. In the context
of the present symposium, it is irrelevant whether this
addition of solute to the interstitium occurs by active
or passive mechanisms; however, it is important that
the movement of water out of the tALH is not
coupled to the movement of solute. If water were to
move with solute, then it would be difficult to main-
tain a progressive rise in the osmolality of the me-
dullary interstitium from the corticomedullary junc-
tion to the papillary tip.
Thick ascending limb of Henle (TALH). I. Waler
permeability characteristics. No isotopic water per-
meability coefficients have been measured across the
TALH. However, Rocha and Kokko [47] and Burg
and Green [48] have measured the L across the
TALH. Rocha and Kokko [47], using isolated seg-
ments of rabbit medullary TALH and osmotic
gradients of raffinose and NaCl of approximately 230
mOsm/kg H20, were unable to see any statistically
significant net flux of water. Burg and Green [48]
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Fig. 8. Electron micrograph illustrating lanthanum penetration of the zonula occiudens (arrow) in a TALH from a rat with hypothalamic diabetes
insipidus. Magnification, X56,000.
conducted similar studies using the cortical segment
of the rabbit TALH. The osmolality of the perfusate
was 180 to 185 mOsm/kg H20 less than that of the
bath. Under those conditions a very low net move-
ment of water amounting to 0.13 nI mm min1 was
measured. Thus, taken together the results of the two
investigations suggest that both the cortical and me-
dullary segments of the TALH are essentially im-
permeant to osmotic water flow.
2. Structural-functional relationships. Generally
speaking, the TALH' has not received the same at-
tention from morphologists as most of the other seg-
ments of the mammalian nephron. At present, mor-
phological data which may relate to the water
permeation characteristics in this region are not ex-
tensive. With TEM it has been observed that the tight
junction or zonula occludens in this portion of the
renal tubule is quite deep and is typical of the occlud-
ing type or "tight" tight junctions usually found in
epithelia which possess a relatively large trans-
epithelial electrical resistance. However, lanthanum
tracer studies (Tisher CC, Yarger WE: unpublished
observations) do reveal penetration of the tracer into
the tight junction (Fig. 8) in a pattern identical to that
which has been observed in the distal convoluted
tubule [23]. If the ability of lanthanum to penetrate a
'The distal tubule of the rat kidney, as defined by the mor-
phologist, is composed of three segments that are histologically
distinct. These include the thick ascending limb of Henle (pars
recta), the macula densa (pars maculata) and the distal convo-
luted tubule (pars convoluta). Thus, the thick ascending limb of
Henle represents the initial segment of the distal tubule.
tight junction is sufficient evidence to establish the
presence of a potential paracellular shunt pathway,
the presence of such a pathway in the TALH would
not appear to be of major importance for trans-
epithelial water flow in light of the water permeability
characteristics that are ascribed to this segment of the
nephron. Data derived from freeze-fracture studies
concerning intramembranous particle configuration
in plasma membranes of the TALH which might
provide information of a structural nature to relate to
the known water permeation characteristics are not
currently available.
3. Physiological signficance. The TALH subserves
a critically important role in the overall operation of
the countercurrent multiplication system (CCMS). It
is the major energy source, or single effect of the
CCMS. It is able to accomplish this by virtue of being
water impermeant. Thus, the powerful chloride pump
of the TALH [47, 48] is able to separate solute and
water and maintain a hypertonic outer medullary
interstitium. If water were to follow sodium chloride
freely, the transport would then be isotonic in nature
and no medullary concentration gradient could be
developed and maintained.
Distal convoluted tubule (DCT). 1. Water per-
meability characteristics. The information concerning
water transport across the DCT is rather limited. A
number of micropuncture studies have noted, how-
ever, that the fluid in the distal tubule is hypotonic
with respect to plasma. Ullrich, Rumrich and Fuchs
[21] have measured the L of the distal tubule of an
albino rat and reported that the L increased with the
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administration of ADH; however, Woodhall and
usher [17] have suggested, on the basis of morpholo-
gical data, that the earlier measurements of L may,
in part, have been a composite of measurements ob-
tained from DCI and cortical collecting duct epi-
thelia.2 In more recent studies, Gross, Imai and
Kokko [22] have directly examined the osmotic water
permeability of the rabbit DCI perfused in vitro.
Their studies measured net fluid movement in re-
sponse to either a 150 to 200mOsm/kg H20 gradient
induced with raffinose or a 60 mOsm/kg H20
gradient induced with NaCl. There was no statist-
ically significant net water flux with either of the
imposed gradients. Change in net water flux was then
measured after the addition of 200 tU/ml of ADH to
the bath. Again, there was no net movement of water.
It was concluded that the L of the DCT is not
different from zero and that net water flux in this
segment of the nephron does not increase in response
to ADH administration, thus providing direct evi-
dence to support the earlier morphological observa-
tions of Woodhall and Tisher [17] derived from the
rat.
2. Structural-functional relationships. An excellent
correlation would appear to exist between structural
and functional data in this region of the renal tubule.
In a combined morphological-physiological study us-
ing rats with hereditary hypothalamic diabetes insip-
idus (Dl), Woodhall and Tisher [17] were unable to
demonstrate morphological evidence of trans-
epithelial water flow in the form of cell swelling and
intercellular space dilatation in the DCI. The aver-
age width of the lateral intercellular spaces of the
distal convoluted tubules in the two physiological
conditions was not statistically different, measuring
178 SD 70 A (N 144) in four rats in water
diuresis and 182 SD 82 A (N = 108) in three
vasopressin-treated antidiuretic animals (P > 0.5).
2 The collecting duct is lined by epithelium that is morpho-
logically distinct from that forming the distal convoluted tubule.
The first portion of the cortical collecting duct is usually referred
to as the initial collecting tubule or connecting portion. In most
mammalian kidneys the transition from the distal convoluted
tubule to the cortical collecting duct (i.e., the initial collecting
tubule) occurs well before the first junction of one renal tubule
with another. Therefore, the first junction of two renal tubules
is formed by two initial collecting tubules [17]. It has been com-
mon practice at the micropuncture table to define the "distal
tubule" or "distal convolution" as that segment of the renal
tubule that extends between the macula densa and the site of
the first junction with another distal tubule or distal convolu-
tion. When defined in this manner, it can be seen that this
segment of the renal tubule is structurally heterogeneous in
character. Thus, the "early" distal tubule of the renal micro-
puncturist is lined by epithelium characteristic of the distal
convoluted tubule, whereas the "late" distal tubule is formed
by epithelium characteristic of the initial collecting tubule.
The junctional complex in this segment of the
nephron is composed of a tight junction, or zonula
occiudens, which is approximately 0.3 u in depth, and
an intermediate junction, or zonula adherens, thus
closely paralleling the structure of the junctional
complex in the TALH. Recent studies have demon-
strated that the tight junction in the DCI is freely
permeable to both colloidal lanthanum and ionic lan-
thanum [23, 24], suggesting the presence of a poten-
tial paracellular shunt pathway for water and solute
movement. However, since this segment, like the
TALH, is relatively impermeable to water [22], it
would appear that such a potential pathway is of little
consequence under steady state conditions, at least
with respect to water flow.
Finally, the general configuration of the luminal
surface and apical region of the cells of the TALH
and DCI would appear to bear little importance in
determining their permeability to water. Although
cells from both regions possess numerous short blunt
microvilli on their luminal surface, cells forming the
DCT are relatively free of apical lateral inter-
digitations, while those forming the cortical segment
of the TALH exhibit complex lateral interdigitations
with neighboring cells [49]. This difference in cell
configuration can be best appreciated with SEM
(Figs. 9 and 10).
3. Physiological significance. The physiological sig-
nificance of the water impermeability per se of the
DCT is simply to allow passage of a dilute tubular
fluid to the collecting duct which, in turn, can modu-
late the osmolality of the fluid according to the phys-
iological needs of the animal.
Collecting duct system (CD). I. Waterpermeability
characteristics, The CD system is of pivotal impor-
tance in regulating the state of water balance in most
mammals. This segment of the renal tubule possesses
the unique characteristics of having the capacity to
vary its permeability to water. Because the water
permeability characteristics of the CD are so impor-
tant, these segments have been studied extensively
both with respect to the measurement of the phenom-
enological coefficients describing water transport and
with respect to the description of the paths of trans-
tubular water flow. Though various functional and
anatomical differences exist along the length of the
CD (i.e., cortical CD vs. outer medullary CD vs.
papillary CD), the water permeability characteristics
of these segments will be covered together in this
symposium since the available water permeation data
are so strikingly similar along the entire length of this
region of the renal tubule. However, it must be re-
membered that a number of important physiological
differences do exist between these segments, such as
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Fig. 9. Scanning electron micrograph illustrating the appearance of a TA LH from the outer cortex near the parent renal corpuscle. Cells in this
region of the distal tubule are covered with an extensive population of microvilli and possess extensive apical lateral cell processes. (arrows)
Magnification, x4400. Reprinted from [48].
the difference in urea permeability characteristics
[50], but the discussion of such differences is beyond
the scope of the present text. The morphological dif-
ferences between these segments will be discussed
separately.
The water permeability characteristics of the cor-
tical and outer medullary CD have been evaluated
solely by the in vitro microperfusion technique [11,
22, 32, 51], whereas the characteristics of the pap-
illary CD have been examined both by in vitro per-
fusion of isolated rabbit tubules [501 and by free-flow
perfusion of collecting ducts in an in vitro prepara-
tion employing longitudinal slices of rat kidney [30].
All of these studies indicate that these segments are
relatively impermeant to both diffusional and os-
motic water flow. However, with the addition of
ADH to the ambient bath, both the and Pr in-
crease significantly. Thus, it is clear that net transport
of water across the CD system is minimal in the
absence of ADH, while significant net quantities of
water may be transported across these segments in
the presence of ADH.
Schafer and Andreoli [32] have provided the most
detailed measurements of P and P across cortical
collecting tubules isolated from rabbit kidney. They
found that ADH increases both the P and P1 of
these segments when perfused in vitro. The measure-
ments of P. were performed both with and without
an imposed osmotic gradient, whereas the measure-
ments of P were performed with an osmotic
gradient. Without ADH, the P1 was approximately
27% greater than P when expressed in comparable
units. This is a relatively small difference and may not
represent any real difference in P1 and P in view of
the sources of error inherent with these types of meas-
urements. However, when ADH was added to the
bath, the ratio of P1 to P., rose impressively to ap-
proximately 13 (186 and 14.2 cm sec', respectively).
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Fig. 10. Scanning electron micrograph of a DCT. The luminal surface of these cells is also
covered with an extensive population of microvilli, but apical lateral cell processes are
conspicuously absent in this region of the distal tubule as evidenced by the relatively simple
contour of the lateral cell borders (arrows). Magnification, X3,000.
This large difference clearly cannot be accounted for
by experimental variation in the data, The authors
advanced several possibilities to explain their data.
Using both theoretical and experimental arguments,
they ruled out the possibility that laminar flow
through double barrier porous membranes or difl'u-
sion resistances imposed by unstirred layers could be
the explanation [32]. They felt that the discrepancy
between P and P in the presence of ADH most
likely reflected cellular constraints to diffusion [32].
2. Structural-functional relationships. Both light
and electron microscopic techniques have been uti-
lized effectively to establish functional-morphological
correlations related to fluid reabsorption in the CD.
Initial in vitro studies by Ganote et al [52] and
Grantham et al [53] using isolated segments of rabbit
cortical collecting tubule demonstrated the presence
of cell swelling, increased numbers of intracellular
vacuoles and dilatation of intercellular spaces during
vasopressin-induced osmotic fluid reabsorption. The
findings were virtually identical to those described
some years earlier in the toad urinary bladder after
vasopressin stimulation in the presence of an osmotic
gradient [12—14]. In vivo studies by Woodhall and
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Fig. 11. Low magnification electron micrograph depicting a portion of cortical CD from an
untreated DI rat during water diuresis. No enlargement of intercellular spaces (arrow) or
evidence of cell swelling is present. TI, tubular lumen. Magnification, X 7,500. Reprinted
[161 with permission from the Journal of Clinical Investigation.
Tisher [17] and Tisher, Bulger and Valtin [54] in rats
with DI revealed similar findings in the CD. Qua!-
itatively, cell swelling and dilatation of intercellular
spaces were observed along the total length of the CD
(Figs. 11 and 12). Morphometric data obtained in
cortical CD segments which included the initial col-
lecting tubule revealed that the outside diamenter of
the tubules was not significantly different in vasopres-
sin-treated vs. untreated diuretic DI rats (36.1 SD
5.8 s vs. 38 SD 5.8 t, P > 0.10); however, a sig-
nificant reduction in the luminal diameter was ob-
served in the vasopressin-treated antidiuretic group
(22.7 SD 4.7 z) versus the untreated diuretic group
(26.1 SD 5.1 t, P < 0.Ol)due to the presence of cell
swelling. Cell height of both the light and dark cells
of the cortical CD was significantly greater in vaso-
Fig. 12. Low magnification electron micrograph depicting a portion of a cortical CD from a DI
rat in which the water diuresis was converted to antidiuresis with exogenous vasopressin.
Lateral and basilar intercellular spaces (IS) are widely dilated and the light or principal cells
(PC) appear swollen. TL, tubular lumen. Magnification, X7,500. Reprinted [l6] with
permission from the Journal of Clinical Investigation.
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pressin-treated animals. The average height of the
light cells in four untreated DI rats undergoing water
diuresis was 5.7 sn 1.3 .t vs. 6.7 SD 1.0 t in three
vasopressin-treated animals (P < 0.001). The average
height of the dark or intercalated cells in the un-
treated diuretic animals was 5.3 SD 1.1 z vs. 6.8
SD 1.0 t in the treated animals (P < 0.001). Taken
together the findings suggested that in response to
vasopressin and a favorable osmotic gradient,
tubular fluid crossed the luminal cell membranes to
enter the cell and exited the cell, at least in part, via
the lateral cell membranes, thereby entering the
lateral intercellular space.
At present there appears to be very little morpho-
logical evidence that paracellular shunt pathways
play any major role in vasopressin-induced os-
motic water flow in the cortical and outer medullary
segments of the CD, although potential paracellular
pathways may exist within the inner medullary and
papillary segments of the CD. Tisher and Yarger
[55], employing lanthanum tracer techniques in Dl
rats, observed that tight junctions of the cortical and
outer medullary segments of the CD resisted pene-
tration by the tracer (Fig. 5), while tight junctions of
the inner medullary and papillary segments were
freely permeable to lanthanum (Fig. 13). The results
were not influenced by the presence or absence of
vasopressin. In the cortical segment of the CD, the
results correlate well with measurements of trans-
epithelial electrical resistance that have been reported
previously. Helman, Grantham and Burg [56], work-
ing with isolated segments of rabbit cortical collect-
ing tubules, reported a relatively high transepithelial
electrical resistance of approximately 867 I —cm2, a
finding which appears to be incompatible with the
presence of a major paracellular shunt pathway for
ion and water movement in this region of the CD. On
the other hand, the demonstration of the presence of
a nonoccluding type of tight junction in the inner
medullary and papillary segments of the CD of the
rat does raise the possibility that a functional para-
cellular shunt pathway, possibly involved in the pas-
sive movement of nonelectrolytes such as urea, may
exist in this region of the nephron [55].
3. Physiological significance. The difference in water
permeability of the CD in the presence and absence
of ADH is of tremendous physiological significance.
In the absence of ADH, the kidney can form a max-
Fig. 13. Electron micrograph demonstrating lanthanum penetration of the tight junction (zonula occiudens) in the papillary segment of a CD.
Tissue preservation was accomplished by microperfusion during water diuresis in the absence of vasopressin. Lanthanum entering from the
luminal side has extended beyond the region of the tight junction down to the level of the intermediate junction (zonula adherens) (arrow).
Magnification, X86,000. Reprinted from [54].
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imally dilute urine by excreting large amounts of free
water. The necessary consequence is the concentra-
tion of plasma solutes. On the other hand, a hyper-
tonic urine is generated in the presence of ADH by an
osmotic equilibration of CD fluid with the medullary
interstitium. To excrete a concentrated urine, free
water must be reabsorbed. These events lead to dilu-
tion of the plasma solutes. Thus, it becomes clear that
the CD is the final target organ of ADH, the release
of which is subject to complex regulating forces as
described elsewhere in this symposium.
Summary
It is now well accepted that the ability to excrete a
dilute or a concentrated urine is made possible by the
function of the CCMS which exists in the mammalian
kidney. The operation of the CCMS is possible, at
least in part, because of the specific and differing
water permeation characteristics of the various neph-
ron segments that are involved. The importance of
these membrane characteristics is summarized sche-
matically in Fig. 14 [57, 58]. Though this figure is
borrowed from works which put forth experimental
and theoretical evidence for a passive equilibration
model of the CCMS (both the tALH and DLH acting
purely as passive equilibrating segments), the same
general. water permeability characteristics would be
necessary for operation of those countercurrent mod-
els which assign a role of active NaC1 transport to the
tALH. In the context of the present discussion, it is
not important which model is operative, but only that
there exists a progressive rise in the tissue osmolality
or osmolality of the medullary interstitium as one
goes from the corticomedullary junction to the pap-
illary tip. It is also important that this progressive
rise in the papillary osmolality is partly due to a
progressive rise in the concentration of urea. Thus, as
fluid in the DLH courses from the corticomedullary
junction to the papillary tip, it is osmotically equili-
brating primarily by water abstraction. To the degree
that water abstraction occurs, and to the degree that
urea makes up part of the papillary osmolality, the
intraluminal NaCl concentration of the DLH must
rise to levels above the ambient surroundings so that
as this fluid courses through the water impermeant
tALH, NaCI can be separated from the intraluminal
fluid by either active or passive mechanisms. The
TALH and DCT are also completely impermeant to
water. As NaCl is transported out of the TALH via
an active C1 pump, a dilute tubular fluid is gener-
ated. If the segments which possess active outward
NaCI transport capabilities were permeant to water,
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it would not be possible to form a dilute tubular fluid
and ultimately a dilute urine in the absence of ADH.
The final modulation of the urine osmolality is per-
formed by the CD system through its differing char-
acteristics of water permeation in response to varying
concentrations of ADH.
Thus, it is clear that despite some uncertainties
concerning the exact pathways of water transport
across certain of the nephron segments, the various
segments of the renal tubule involved in the CCMS
possess a unique set of membrane permeability char-
acteristics to water which allow the mammalian kid-
ney to regulate the plasma osmolality within a nar-
row physiologic range.
Reprint requests to Dr. Juha P. Kokko, Department of Medicine,
The University of Texas Southwestern Medical School, Dallas,
Texas 75235, U.S.A.
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